To investigate the molecular basis of regional variation in expression of brain acetylcholinesterase (AChE; EC 3.1.1.7), steady-state levels of AChE activity and mRNA were examined. Relative AChE activity in Triton extracts from six areas ofthe rat brain varied as follows: cortex < cerebellum <medulla < pons-midbrain < thalamus < striatum. In contralateral samples from the same brains, AChE mRNA was assesed by Northern blotting with random-primed 32P-labeled cDNA. The regiona abundanc of the major 2.4-kb AChE transcript differed from that of the enzyme activity: cortex < striatum < cerebellum < medulla < thalamus < pons-mid- Tissue Processing for Biochemistry. Brains for enzyme assay or mRNA analysis were freshly dissected as described by Glowinski and Iversen (11). Samples were taken from six regions: medulla, pons-midbrain, dorsal thalamus, cerebellum (including cortex and deep nuclei), striatum (caudateputamen), and cerebral cortex (midline strip, frontal to occipital pole). Equivalent samples from four to six rats were frozen on dry ice, pooled to obtain 400-800 mg of tissue, and kept at -80'C until analyzed.
Many studies have been undertaken to define the localization of acetylcholinesterase (AChE; EC 3.1.1.7) and its molecular forms in brain (for reviews, see refs. [1] [2] [3] [4] . The results show that AChE, like choline acetyltransferase (ChAT), is concentrated in cholinergic centers like the neostriatum, basal forebrain, superior colliculus, and motor nuclei of cranial nerves (5) (6) (7) . In certain other areas, such as substantia nigra and cerebellum, noncholinergic cells express large amounts of AChE without detectable ChAT (8) . Elsewhere, AChE activity is quite low.
Since the control ofAChE expression in nerve cells remains poorly understood, one of our goals is to determine how the brain acquires its characteristic pattern of AChE-rich and AChE-poor regions. In muscle, posttranscriptional mechanisms are thought to account for much of AChE's spatial and temporal variation (9) . Different mechanisms may operate in brain. It remains possible that the local AChE content in each brain area reflects the local rate ofAChE production, which in turn reflects the local abundance of AChE mRNA (10) . To address this possibility, we combined conventional AChE histochemistry with Northern blotting and in situ hybridization histochemistry in a study of the regional and cellular distribution of AChE in the adult rat brain.
METHODS
Animals. Ten adult male Sprague-Dawley rats (250-350 g) and three 16-day-old rat pups (30-40 g) were handled in accordance with the National Institutes of Health Guidelines for Care and Use of Laboratory Animals under a protocol approved by the Mayo Animal Care and Use Committee. The rats were killed by overdose with ether, and the brains were rapidly removed.
Tissue Processing for Biochemistry. Brains for enzyme assay or mRNA analysis were freshly dissected as described by Glowinski and Iversen (11) . Samples were taken from six regions: medulla, pons-midbrain, dorsal thalamus, cerebellum (including cortex and deep nuclei), striatum (caudateputamen), and cerebral cortex (midline strip, frontal to occipital pole). Equivalent samples from four to six rats were frozen on dry ice, pooled to obtain 400-800 mg of tissue, and kept at -80'C until analyzed.
Enzyme Assay. Tissues were thawed and homogenized in 10 volumes of 0.05 M sodium phosphate buffer (pH 7.4) with 1% Triton X-100 and 0.5 M NaCl. After centrifugation at 10,000 x g for 10 min, supernatant AChE activity was measured spectrophotometrically with acetylthiocholine as substrate (12) . Ethopropazine (0.1 mM; Sigma) was used as a selective inhibitor of butyrylcholinesterase.
Preparation of RNA. Under a standard protocol (Invitrogen), poly(A)+ RNA was extracted from tissues lysed in SDS-based buffer containing RNase inhibitor. Lysates were incubated at 450C and applied to oligo(dT) cellulose columns. Differential salt elution was used to isolate mRNA, and concentration was determined by A2Ni readings.
Northern Blotting. Probes were prepared from plasmids containing a 590-bp mouse AChE cDNA cloned into pBluescript II KS-(ref. 13 ; kindly supplied by Palmer Taylor, University ofCalifornia, San Diego) or a 680-bp cDNA for rat cyclophilin, pibiS (14) . Fragments ofthe expected sizes were isolated from XL1-Blue Escherichia coli lysates by endonuclease digestion followed by agarose gel electrophoresis. Probes were random primer labeled with [a-32P]dCTP to a specific radioactivity of 1-3 x 108 cpm/pg of DNA.
Total RNA or poly(A)+ RNA was denatured in 50% (vol/vol) formamide (650C for 10 min) and electrophoresed in 1.2% agarose gels with 6% formaldehyde. After electrophoresis, RNA was blotted onto nylon membranes, which were baked at 800C for 2 hr, and then treated for 4 hr at 420C with 50% formamide/5x standard saline citrate (SSC)/lOx Denhardt's solution/denatured herring sperm DNA (250 gg/ml)/ poly(A) (50 ,ug/ml)/0.1% SDS. Blots were hybridized in fresh buffer with random primer 32P-labeled cDNA for AChE (-5 x 106 cpm/ml; 36-40 hr at 420C). Hybridized blots were washed with 0.5 x SSC (three times at 230C, three more times at 500C), dried, and exposed to Kodak XAR-5 film for up to 10 days at -800C. AChE In Situ Hybridization. Probes for in situ hybridization were synthetic oligonucleotides based on the published sequence for rat AChE mRNA (10), 3'-end-labeled with [33P]dATP (Amersham) to a specific activity of -2 x 108 cpm/pg. Three antisense probes were evaluated, complementary to bases 781-843, 1090-1152, and 1179-1228. Although the results were qualitatively similar with all probes, selective labeling was best with antisense 1090-1152, which was used for subsequent work. Hybridization controls were probed with the corresponding radiolabeled sense DNA or were blocked by coincubation with a 100-fold excess of unlabeled antisense probe.
As described by Dagerlind et al. (15), sections from unfixed brains (15 /im, cut at -12'C) were thawed onto glass slides, dried, and hybridized at 420C for 18-24 hr with probe ( 150 sII, 106 cpm per section). Five posthybridization washes with 1 x SSC were carried out at 550C (12 min each; a final rinse was left to reach room temperature over a 30-min period). Sections were then dipped in water, dehydrated in alcohols, and placed on Kodak XAR-5 film or coated with photographic emulsion (Kodak NTB2, diluted 1:1). Autoradiographs were exposed 6-11 days (film) or 4-5 weeks (emulsion). Multiple overlapping grains constituted "heavy radiolabeling"; no attempt was made to distinguish lighter labeling from background. Histology and Immunohistochemistry. After autoradiography, slides were Nissl stained with thionin (16) . AChE histochemistry was performed on adjacent cryostat sections by a modification of Koelle and Friedenwald's method (17) . For ChAT immunocytochemistry, other brains were fixed in situ by perfusion with 4% buffered formalin, postfixed for 1 hr in the same solution, and cryoprotected with 15% (wt/vol) sucrose. Cryostat sections were incubated with a monoclonal murine anti-ChAT antibody (10 ,g/ml) provided by Boyd K. Hartman, Department of Psychiatry, University of Minnesota, Minneapolis (18) . Bound antibody was visualized by biotinylated anti-mouse IgG and avidin-biotin-peroxidase (Vector Laboratories) according to Hsu et al. (19) . RESULTS Northern blots of poly(A)+ RNA from pooled samples of cerebellum, medulla, pons-midbrain, cerebral cortex, dorsal thalamus, and striatum developed the expected major band at -2.4 kb when probed with [32P]AChE cDNA (Fig. 1) . A weaker band at about 3.2 kb also appeared in some samples. No hybridization was seen with extracts from liver or kidney (data not shown). The 2.4-kb AChE transcript predominated in all brain samples and was especially abundant in medulla, thalamus, and pons-midbrain. When AChE mRNA was quantitated against cyclophilin mRNA, a wide range of relative abundance was apparent; AChE activity also varied widely in these samples but in different rank order (Fig. 1) . Dissociation of activity and mRNA was particularly striking in pons and striatum. Pons-midbrain had the most AChE mRNA but only average AChE activity; striatum had the most AChE activity but below average levels of AChE mRNA.
Regional variations ofAChE mRNA were revealed in more detail by in situ hybridization with 33P-labeled antisense DNA (bp 1090-1152). A clear pattern of selective labeling roughly paralleled the localization of AChE activity. Film autoradiography (four adult brains, sagittal sections at 12 equally spaced intervals, 0.5-5.0 mm lateral to the midline) demonstrated the abundance of transcripts selectively hybridizing with the DNA probe in the basal forebrain, substantia nigra, and certain areas of the pons and medulla (Fig. 2) . Caudate nucleus was only moderately labeled overall, consistent with the Northern blots, but it did show many isolated "hot spots." This selective pattern was abolished when hybridization was performed in the presence of a 100-fold excess of unlabeled antisense probe. Control autoradiographs with the corresponding "sense" oligonucleotide also showed a diffuse background instead of specific labeling ( Fig. 3) . To identify specifically labeled structures more precisely, adjacent sections from the brains studied by film autoradiography were also prepared for AChE histochemistry anid emulsion autoradiography with cellular resolution. ChAT immunocytochemistry was carried out on comparable sections from a separate, optimally fixed brain. Emulsion autoradiography with the antisense probe showed heavily labeled cells with silver grains concentrated over the cytoplasm. Such cells were found at all of the previously identified "message-rich" sites, including the caudate putamen, where they corresponded to the isolated hot spots seen in film autoradiography. Heavy cellular labeling was also noted in substantia nigra, nucleus accumbens, olfactory tubercle, and the principal motor nuclei of the cranial nerves, but the highest local concentration of heavily labeled cells was found in the nucleus basalis (Fig. 4) . The enrichment in the nucleus basalis was even more impressive in immature brains, 16 days postnatal (Fig. 5 ). There were few if any heavily labeled cells in other parts of the brain, including the superior colliculus and the frontal, parietal, and occipital cortex. In other words, the distribution of radiolabel at the cellular level accounted for the patterns obtained on film.
Histochemistry of adjacent sections revealed that the areas with cells strongly labeled by antisense AChE DNA also contained many cells with AChE activity and usually ChAT immunoreactivity as well (data not shown). Wherever cellular staining could be assessed, the prevalence of cells stained for AChE activity appeared commensurate with the prevalence of cells labeled by antisense DNA. In the caudate nucleus, where the overlying AChE-rich fiber matrix obscured the perikarya, we compared AChE mRNA labeling with ChAT immunostaining. Comparable sections from two brains showed similar numbers of caudate neurons that were strongly immunoreactive for ChAT (36 per section) and those Proc. Natl. Acad Sci. USA 91 (1994) .. ' (20) . There is strong evidence of specificity in that (i) the hybridization was blocked by an excess of unlabeled antisense DNA, (ii) the corresponding sense DNA failed to hybridize appreciably under the same conditions, and (iii) similar patterns of labeling were obtained with different, nonoverlapping oligonucleotide probes. Therefore, our autoradiographs should reliably portray the distribution of AChE mRNA in adult rat brain.
The picture emerging from this study largely meets expectations from previous work on the localization of brain AChE. Antisense AChE DNA probes detect wide variations of AChE mRNA-like material concentrated in the principal cholinergic nuclei but also quite abundant at certain other sites. In many areas (e.g., nucleus basalis, facial nerve nucleus) the patterns of heavy cellular labeling and staining for AChE activity or ChAT immunoreactivity are convincingly similar. Such results fit the view that cholinergic neurons all produce large amounts of AChE. Abundant AChE mRNA-like material in the pars compacta of the substantia nigra, a "noncholinergic" site, was also expected from the classical histochemical picture of AChE activity (7). This finding is in line with the rule that cholinoceptive cells typically express AChE at levels that compare with cholinergic, acetylcholine-producing cells. Finally, one would have predicted low AChE mRNA in the superficial superior colliculus, which is rich in AChE-containing fibers but poor in AChE-reactive perikarya. Presumably, the AChE content of this structure is delivered by axonal transport from cholinergic cell bodies in the pedunculopontine tegmental nucleus.
The distribution of AChE mRNA does have some surprising aspects. One of these is the apparent abundance in certain (23, 24) . Thus, the correlation is good at the cellular level.
Even in the caudate nucleus, cholinergic neurons make up only a small percentage of the cellular mass. Therefore, to reconcile the molecular data with enzymological and histochemical observations, one must explain how the neostriatum maintains so much active AChE without equivalently high steady-state levels of specific mRNA. Two possibilities to consider are that striatal AChE (i) is chiefly located in the local projections of extrastriatal perikarya (import hypothesis) or (ii) has an unusually long half-life (turnover hypothesis). We favor the second of these ideas.
Available information on the import hypothesis is conflicting, but the weight of evidence is negative-that is, little of the striatal AChE seems to be derived from outside sources. (26) . Several studies suggest that this AChE-rich neuropil stems from cholinergic interneurons. Histochemical staining for AChE is largely preserved after interruption of striatal afferents (25, 27) . Although more quantitative biochemical measures have detected small reductions in striatal AChE after afferent lesioning (28) , it is likely that the bulk of the enzyme is locally produced. Therefore, we suggest that the neostriatum accumulates more than average amounts of AChE, not because it produces greater quantities of AChE than other regions, but because it retains more of the enzyme and keeps it longer. The opposite may be true of the nucleus basalis, where high levels of AChE mRNA are associated with "exportoriented" cholinergic projection neurons. These ideas underlie the turnover hypothesis.
As Legay et al. (10) point out, striatal AChE is primarily of the membrane-bound oligomeric form (G4), which is generally more stable than the smaller AChE forms (G1 and G2). One study of AChE recovery after irreversible inhibition by diisopropyl fluorophosphate did find signs of relatively slow turnover in striatum (29) , but another study obtained opposite results with the related organophosphate soman (30) . A critical reexamination of the regional turnover of AChE in brain is now warranted, taking into consideration the multiple molecular forms of the enzyme, the potential existence of pools of inactive AChE (21) , and the possibility that organophosphates might alter AChE synthesis.
In conclusion, we find that AChE activity and mRNA both vary greatly from one part of the brain to another. As the abundance of the message largely parallels that of the protein Proc. Natl. Acad. Sci. USA 91 (1994) itself, the steady-state level of AChE mRNA in many brain regions may well reflect the enzyme's rate of biosynthesis. This relationship may not be universal, however, especially when the neostriatum is taken into consideration. Hence, further studies are needed at the regional and cellular level to define the relation between AChE mRNA, AChE protein, and
